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Clinical studies comparing the potency of inhaled corticosteroids re-
quire steep dose-response slopes (b) and minimal response variabil-
ity (s), as statistical power is inversely related to the s/b ratio. To
evaluate a new study model, we performed a randomized, cross-

 

over study of 12 adult asthmatics who required 800 to 2,000 

 

�

 

g of
inhaled corticosteroids daily, and calculated s/b for 21 raw clinical
outcomes and 36 mathematically derived variables based on these
raw outcomes. Each of two 21-d treatment periods was preceded
by 4 to 7 d of oral prednisone to maximize asthma control and min-
imize carry-over of previous inhaled treatment. Treatments were
100 and 800 

 

�

 

/d of an HFA-134a beclomethasone dipropionate for-
mulation. Assessments included daily home spirometry, histamine
challenge, inhaled albuterol use, and asthma symptom scores. Effi-
cacy variables with the greatest power (lowest s/b values) were
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 0.46, 0.48, and 0.59).
Carry-over between treatment periods was not significant. Cross-
over study sample size calculations using these ratios yielded sam-
ples of 23, 25, and 37 patients, respectively. Otherwise identical
parallel studies would require sample sizes of 657, 1,438, and 2,261
patients. These results support the use of a crossover asthma stabil-
ity model after a short course of oral prednisone as a clinical study
model for comparing topical potency of inhaled corticosteroids.
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In the United States, there are currently five corticosteroid
compounds available as aerosols for maintenance treatment of
asthma (budesonide, beclomethasone dipropionate, flunisolide,
fluticasone propionate, and triamcinolone acetonide). These
compounds differ with respect to anti-inflammatory potency
determined in preclinical studies by the McKenzie skin blanch-

 

ing test, by 

 

in vitro

 

 receptor-binding affinity, and by pharmaco-
kinetic measurement of factors affecting topical potency (1–3).

Accordingly, it is likely that the dose required to produce
equal degrees of clinical efficacy also differs between these
drugs (4) and even between different formulations of the same
drug (5, 6). For example, if 2 

 

�

 

g of hypothetical Formulation
A were required to produce the same degree of efficacy as
each microgram of Formulation B, Formulation A would be
half as potent for producing clinical effect as Formulation B.
This relationship between the two formulations, known more
formally by the synonyms relative potency, potency ratio, or
equal effect dose ratio, is measured using clinical bioassay
studies (7, 8). Studies of this type have become an important
part of the approval process for generic equivalents to Vento-

lin and, to a lesser degree, nonchlorofluorocarbon containing
beta-adrenergic formulations (9–11). Understanding the po-
tency of different inhaled corticosteroid formulations relative
to one another both for topical efficacy and for producing sys-
temic side effects would be useful not only during the drug ap-
proval process, but to guide the clinician’s choice of specific
preparation and dose to prescribe (4).

Unfortunately, accurate comparisons of potency of inhaled
corticosteroid formulations relative to one another cannot be
obtained from studies published to date (12). Barnes and col-
leagues (13) concluded that this was due to “shallowness of
the inhaled corticosteroid dose-response relationship, high
variability of responses obtained, and limitations in the study
designs employed” (13).

Dose–response slope, commonly symbolized by statisti-
cians as “b,” cannot, in fact, be viewed independently from re-
sponse variability (e.g., response standard deviation or equiva-
lent, referred to subsequently as “s”). It is the ratio of these
two factors (s/b) that determines the statistical power of a clin-
ical bioassay study for estimating the potency of one inhaled
corticosteroid formulation relative to another. The smaller the
s/b ratio, the more powerful the study (7).

Most investigators attempt to minimize the variability of
baseline and response measurements by careful selection of
subject inclusion criteria. In spite of this, asthma severity typi-
cally varies widely across the patient population studied, as re-
flected by the level of symptoms, use of inhaled 

 

�

 

-agonists, re-
sults of spirometry, and measurements of airway responsiveness
to histamine or methacholine challenge (14–16). This suggests
that use of a crossover study design, which allows each subject
to be used as “his or her own control,” would substantially in-
crease statistical power.

We postulated that it would be possible to decrease s/b ra-
tio and thereby increase the statistical power of inhaled corti-
costeroid studies by using a crossover study design and by
choosing clinical outcomes with favorable s/b characteristics.

Most investigators have not used crossover designs because
of concern about carry-over (5). We sought to control this po-
tential for carry-over corticosteroid effect by beginning each
treatment period with a 4 to 7 d course of oral prednisone. In
concept, this was intended to equalize carry-over between
treatment periods by providing maximal corticosteroid carry-
over effect at the beginning of each period. We then moni-
tored 

 

stability

 

 of asthma control during the subsequent in-
haled corticosteroid treatment period. This contrasts with
most inhaled corticosteroid studies that evaluate 

 

improvement

 

during inhaled corticosteroid treatment of suboptimally con-
trolled asthma.

Using a two-period, crossover study design, we estimated
s/b values for a number of commonly used clinical outcomes.
The study was carried out using two dose levels of a new
HFA-134a containing beclomethasone preparation (HFA-BDP)
developed by 3M Corporation (St. Paul, MN). The purpose
was to assess validity of this study design and to choose opti-
mal clinical outcomes to use in subsequent studies estimating
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the topical potency of HFA-BDP relative to other clinically
marketed inhaled corticosteroid formulations.

 

METHODS

 

Subjects

 

Twelve nonsmoking adult subjects with asthma, as defined by the
American Thoracic Society (ATS), were enrolled (seven men and five
women with a mean age of 27 yr; range, 19 to 39 yr) (17). All could per-
form spirometry reproducibly as outlined by the ATS standards (18).
These subjects had used a stable dose of 800 to 2,000 

 

�

 

g of inhaled
BDP, triamcinolone, or fluticasone from a CFC-containing metered-
dose inhaler (MDI) for at least 4 wk and used a short-acting 

 

�

 

-agonist
on an as-needed basis. All had an FEV

 

1

 

 at screening of greater than
70% predicted, and all had historical evidence of deteriorating asthma
when not receiving inhaled corticosteroids. Subjects were excluded if
they had had an acute respiratory tract infection within 4 wk of entry;
had not used oral corticosteroids at least once within the previous year
to treat an acute exacerbation of asthma symptoms; had a history of al-
cohol or drug abuse; or had used oral 

 

�

 

-agonist, cromolyn, nedocro-
mil, salmeterol, or ipratropium within 2 wk of entry, or astemizole
within 80 d of entry. The University of Iowa Human Subjects Review
Committee approved the protocol, and each subject signed an in-
formed consent before entry into the study.

 

Study Design

 

This was a single-center, dose-level blinded, balanced, randomized,
two-period crossover study, designed to establish dose-response
curves for 100 

 

�

 

g/d and 800 

 

�

 

g/d of HFA BDP. MDIs providing either
50 or 100 

 

�

 

g per actuation (3M) were used to deliver the 100 

 

�

 

g/d (one
actuation of 50 

 

�

 

g inhaler twice a day) or 800 

 

�

 

g/d (four actuations of
100 

 

�

 

g inhaler twice a day) of HFA-BDP. Blinding was maintained by
use of placebo inhalers, so that subjects always took four actuations
twice a day from one inhaler and one actuation twice a day from a sec-
ond inhaler on each treatment period day.

The study began with a 5- to 14-d run-in period during which sub-
jects continued to take their usual inhaled corticosteroid. This was

 

done to check compliance with data recording. Subjects recorded

 

�

 

-agonist use, sleep disturbance scores, asthma symptom scores and
morning (upon arising) and evening spirometry results daily, using a
handheld electronic spirometer equipped with daily symptom score
recording capabilities (Spiromodem; MultiSpiro, Inc., Irvine, CA). At
least three spirometric efforts were obtained at each time point. The
highest value at each time point was used in the data analysis. In addi-
tion, on even-numbered study days, subjects performed spirometry
between 4:00 and 5:00 

 

A

 

.

 

M

 

. (subsequently referred to as 4 

 

A

 

.

 

M

 

.
spirometry). Spirometry was also performed if the subject awoke during
the night because of asthma symptoms. If this occurred, it was substi-
tuted for the 4 

 

A

 

.

 

M

 

. spirometry measurement on even-numbered
mornings. On odd numbered days, subjects took two actuations of al-
buterol immediately after performing morning spirometry and per-
formed a second set of spirometry efforts 15 min later. The subjects
were provided albuterol inhalers to use throughout the study. The in-
halers were equipped with an electronic dose counter (MDI Chro-
nolog; MEDTRAC Technologies, Inc., Lakewood, CO) that recorded
the time and date of each albuterol actuation.

After the run-in period (i.e., just prior to the first treatment pe-
riod), subjects stopped using their usual corticosteroid inhaler and be-
gan a 4- to 7-d course of oral prednisone (40 mg twice a day). Another
4- to 7-d course of prednisone was repeated at the end of the first
treatment period (i.e., just prior to the second treatment period). This
was done to achieve a maximal corticosteroid effect prior to each in-
haled corticosteroid treatment period. Subjects returned to the clinic
at the end of prednisone treatment. If the FEV

 

1

 

 was 

 

�

 

 60% of pre-
dicted normal (using an office spirometer: Clinical Pulmonary Func-
tion Spirometry System, Med Graphics Corp., St. Paul, MN), a hista-
mine challenge was performed according to a modification of the
method of Cockcroft and colleagues (19). A second challenge was ini-
tiated 15 min after completion of albuterol administration (180 

 

�

 

g by
CFC-MDI). Subjects then began 21 d of study treatment (100 or 800

 

�

 

g/d HFA-BDP). Data collection during study treatment was the
same as noted above for the run-in. Subjects were seen weekly to as-
sess asthma control and to review completion of daily home symptom
and spirometry assessments. After 21 d of treatment, a histamine chal-
lenge was again performed before and after inhaled albuterol. The
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Beta-agonist use, puffs/d X X
Sleep disturbance X X X
Wheezing X X
Coughing X X
Chest tightness X X
Shortness of breath X X

* Value measured after two actuations of albuterol MDI, 90
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g/actuation minus prealbuterol value.
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Percent of days and nights free of all asthma symptoms and sleep disturbance.
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Measured after two actuations of albuterol MDI, 90 
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g/actuation.
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Provocative concentration of histamine producing a 20% fall in FEV
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HFA-BDP was stopped, and a second 4- to 7-d course of oral pred-
nisone 40 

 

�

 

g twice a day was started. Treatment with the alternate
dose of inhaled HFA-BDP was then administered. Subsequent proce-
dures were the same as those performed during the first 21-d treat-
ment period. Blood hematology and chemistry, ECG, and physical ex-
aminations were done during the screening visit and at the final visit.

 

Outcome Measures

 

The clinical outcomes measured directly in the study (i.e., raw outcomes)
included home spirometry (FEF

 

25-75

 

, [L/s], FEV

 

1

 

 [L], PEF [L/min], and
FVC [L]); histamine PC

 

20

 

 FEV

 

1

 

; asthma symptom and sleep distur-
bance scores; and the number of actuations of albuterol used per day.
Mathematically derived variables consisted of expression of the above
raw outcomes in some other manner, e.g., change from baseline (where
“baseline” is the value at the end of the prednisone treatment, immedi-
ately preceding each treatment period); 

 

A

 

.

 

M

 

./

 

P

 

.

 

M

 

. variability (Table 1).
For each histamine bronchial provocation, the concentration of hista-
mine that would have produced a 20% decrease in FEV

 

1

 

 (PC

 

20

 

 FEV

 

1

 

)
was estimated by interpolation from a plot of log histamine concentra-
tion versus percent decrease in FEV

 

1

 

 from saline control. The PC

 

20

 

FEV

 

1

 

 values were log-transformed prior to analysis in order to meet
the equal variance assumption of analysis of variance.

 

Statistical Analysis

 

The primary analysis utilized the intent-to-treat population. Repeated
measures analysis of variance (ANOVA) was used (5% level of signif-
icance) to assess the dose-response relation and to test for carry-over
effects from the first to the second treatment period. The root mean
squared error (s) and dose-response slope (b) values from this
ANOVA were used in the sample size computations. Sample size
needed to estimate relative potency is a function of the ratio of these
two factors (s/b). Slope, b, was defined as:

By convention, this slope was given a positive value if the change in
response was in the 

 

expected

 

 direction (improvement in asthma with

b change in response( ) change in log10 dose[ ]( )⁄ .=

 

increasing dose). When the change in response went the 

 

wrong

 

 direc-
tion (worsening in asthma with increasing dose), the value of b was
assumed to be zero. When this occurred, s/b was undefined.

Confidence intervals were estimated for the five variables, with
the lowest s/b values using bootstrap analysis (20) with a resampling
sample size of 100,000.

Sample size computations assumed administration of two doses of
each of the preparations being compared; Finney 2-by-2 bioassay sta-
tistical analysis; and 80% probability (power) that the 90% confi-
dence interval for the potency ratio will be less than 2-fold above and
greater than 2-fold below the estimate. The method used to calculate
sample size took Fieller’s theorem into consideration. Sample size
computations were made assuming both parallel and complete-block
crossover study designs.

 

RESULTS

 

Raw outcome variables, without exception, yielded statistical
power that was equal to or greater than that of mathematically
derived expressions of the same outcomes (i.e., yielded compara-
ble or lower s/b values). Consequently, only data for raw out-
come variables are presented here. Measurement of 
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, and 
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.PEF produced the lowest values of s/b ratio
(0.46, 0.48, 0.59, respectively, for the last 3 d of each treatment
period) (Table 2). For each of these three outcomes, the means
for the 100 and 800 

 

�

 

g/d doses were similar on Days 1 to 3 of
treatment, but they progressively separated as the length of
time on treatment increased (Figure 1). Each of the three out-
comes showed a highly significant dose-response relationship
by Days 19 to 21 (p 

 

�

 

 0.0007, 0.001, and 0.004).
PC
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 to histamine measured at the end of each treat-
ment period and 
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.
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25-75

 

 measured during the last 3 d of
each treatment period were the next most statistically power-
ful raw outcome variables, with s/b values of 0.81 and 0.98, re-
spectively. The dose-response for these outcomes was also sig-

 

TABLE 2. RESULTS FOR THE 21 RAW OUTCOMES MEASURED AT THE END OF EACH TREATMENT PERIOD

 

Outcome Measure

Mean Response
Dose-Response

Slope* (b)
p-value H
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Size

Estimate
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100 
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g/d 800 

 

�

 

g/d

A.M.FEF25-75, L/s 1.80 2.45 0.72 0.0007 0.33 0.46 (0.26, 0.72) 23
A.M.FEV1, L 2.49 2.85 0.40 0.0010 0.19 0.48 (0.24, 0.72) 25
A.M.PEF, L/min 338.86 379.97 45.52 0.0036 26.66 0.59 (0.27, 1.01) 37
log10, PC20FEV1 (albuterol withheld) �0.19 0.31 0.55 0.0211 0.44 0.81 (0.16, 2.52) 69
P.M.FEF25-75, L/s 2.00 2.57 0.63 0.0475 0.62 0.98 (0.48, 1.93) 101
A.M.PEF, L/min after two

actuations albuterol MDI 418.33 435.25 18.73 0.0850 21.68 1.16 141
P.M.FEV1, L (albuterol) 2.70 2.88 0.20 0.1620 0.30 1.47 226
4 A.M.FEF25-75, L/s 2.09 2.38 0.33 0.1720 0.50 1.50 238
log10, PC20FEV1 

(after two actuations albuterol MDI) 1.09 1.25 0.18 0.1954 0.28 1.59 267
P.M.PEF, L/min 375.63 392.97 19.21 0.2484 34.67 1.81 343
Wheezing score 0.90 0.64 0.29 0.3586 0.67 2.30 556
Actuations albuterol MDI/d, n 3.06 2.61 0.49 0.4919 1.53 3.10 1,010
A.M.FVC, L/min 3.67 3.74 0.08 0.6345 0.37 4.51 2,138
4 A.M.FEV1, L 2.63 2.68 0.05 0.6991 0.30 5.56 3,247
Sleep disturbance score 0.00 0.17 �0.18 0.0273 0.16 � �

4 A.M.FVC, L 3.63 3.48 �0.17 0.2610 0.31 � �

P.M.FVC, L 3.85 3.73 �0.13 0.4064 0.33 � �

Shortness of breath score 0.89 0.94 �0.06 0.8633 0.77 � �

Coughing score 0.42 0.43 �0.02 0.8987 0.26 � �

4 A.M.PEF, L/min 353.38 352.58 �0.88 0.9433 26.59 � �

Chest tightness score 0.72 0.74 �0.02 0.9538 0.57 � �

* Dose-Response Slope � (Difference in Response)/(Difference in Dose) � (Mean Response for 800 �g/d) � (Mean Response for 100/�g/d)/
(log10 [800] � log10 [100])

† Root mean square error from ANOVA.
‡ Numbers in parentheses indicate 95% confidence interval for s/b, obtained by bootstrap analysis.
§ Assuming a 2-by-2 crossover bioassay study (high and low dose of each of two inhaled steroid formulations being compared), power of

0.8 and a desired confidence interval around potency ratio estimate with upper limit � twofold above and lower limit � two-fold below
estimate).

� Indicates s/b undefined since slope � zero (see METHODS).
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nificant (0.02; 0.048). All other outcome variables had s/b
ratios that were � 1.0 or undefined. These outcomes tended to
show no consistent pattern of relationship between 100 and

800 �g doses (e.g., mean coughing symptom score and 4 A.M.
PEF) (Figure 2).

Treatment sequence (i.e., whether the 100- or the 800-�g

Figure 1. Mean responses by study treatment day for the three outcomes with the lowest s/b values. Open circles indicate mean for 100 �g/d of
BDP. Closed circles indicate mean for 800 �g/d treatment. Difference between treatments by study day: †, ††, ††† indicate p � 0.05, p � 0.01, p �
0.001, respectively. Asterisk indicates s/b value undefined because slope � zero (see METHODS).

Figure 2. Mean responses by study treatment day
for two of the outcomes with the highest s/b val-
ues. Open circles indicate mean for 100 �g/d of
BDP. Closed circles indicate mean for 800 �g/d
treatment. Asterisks indicate points at which s/b
values are undefined because slope � zero (see
METHODS).
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dose was given in the first treatment period) was not signifi-
cant for any of these five best outcomes. This indicates that
there was no evidence of carry-over of effect from the first to
the second treatment period for any of these outcomes.

Sample size calculations show that for the least powerful out-
come variables for which s/b could be defined (see METHODS),
thousands of subjects would be required (Figure 3, Panel A). The
most powerful outcomes (A.M.FEF25-75, A.M.FEV1, and A.M.
PEF25-75) can be expected to allow clinically useful estimates of
relative potency with less than 50 subjects (Figure 3, Panel C).

Sample size calculations made using data from this study, as-
suming (1) parallel and (2) crossover study design, show that for
the same outcomes, far fewer subjects are required for crossover
designs. Even the most successful published attempt to deter-
mine a potency ratio for inhaled corticosteroids using a parallel
design (Busse and colleagues, 6) would require more than 700
subjects in order to provide a similarly precise estimate of relative
potency (Figure 4).

Adverse Events

During each study drug treatment period, 10 (83.3%) subjects
reported at least one adverse event. Reported events most
commonly involved the respiratory system. The most common
respiratory event was increased asthma symptoms, reported
by three (25%) subjects while receiving 100 �g HFA-BDP
and three subjects while receiving 800 �g HFA-BDP. Pharyn-
gitis occurred in four (33%) subjects receiving 100 �g HFA-
BDP and in two subjects (16.7%) receiving 800 �g HFA-BDP.
There were no serious or clinically important adverse events
or changes in laboratory values during the study.

DISCUSSION

Our results indicate that use of stability of asthma control
after a short course of oral prednisone study model, raw
A.M.FEV1, A.M.FEF25-75, or A.M.PEF as the primary outcome,
and a crossover study design will allow accurate, precise, and
clinically relevant comparisons of inhaled corticosteroid po-
tency to be made, whereas to date, this has not been possible.
There were broad differences in statistical power associated
with the outcome variables we evaluated. Raw outcome vari-
ables (e.g., A.M.FEV1, A.M.PEF) were consistently associated
with equal or greater statistical power than mathematically de-
rived outcomes (e.g., change from baseline A.M.FEV1, A.M. to P.M.
peak flow variability). Some of these raw outcomes were much
more powerful than others, with spirometry measured daily upon
arising providing the greatest statistical power (A.M.FEF25-75,
A.M.FEV1, A.M.PEF). In contrast, statistical power associated
with other raw outcomes appeared to be so low that it could
not be defined (Table 2). Perhaps the most important implica-
tion of the data presented here is that use of crossover rather
than parallel design is essential if a study is to accurately and
precisely compare the potency of different inhaled corticoste-
roid formulations. Concern about carry-over of inhaled corti-
costeroid effect from one treatment period to the subsequent
period has commonly been used as an argument against cross-
over designs for comparing inhaled corticosteroid potency (5).
The study design we used, stability of asthma control after a
short course of oral prednisone, appears to accomplish the in-
tended purpose of controlling carry-over in that no statisti-
cally significant carry-over was present.

It is not unexpected that some outcome variables are asso-
ciated with greater statistical power than are others, as indi-
cated by lower s/b values. We have previously presented simi-
lar findings for outcome variables used in the comparison of
potency of different inhaled albuterol formulations (9, 10). It

Figure 3. Relationship between s/b value and sample size for 2-by-2
(4-period) crossover bioassay design, power of 0.8, and a desired con-
fidence interval around potency ratio with an upper limit � 2-fold
above and lower limit � 2-fold below the potency ratio estimate. (A)
Shows labels for the least power outcome for which s/b could be de-
fined. (B and C) Sequential “zoom in” on the lower left hand corner of
(A), showing labels for increasingly more powerful outcomes (i.e., out-
comes requiring progressively smaller sample sizes).
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would, of course, be desirable to identify even more powerful
outcomes. However, statistical power is only one of three fac-
tors to be considered when choosing a clinical model and out-
come variables for an inhaled corticosteroid study. Ease and
practicality of performance of the measurement and clinical
relevance are also important. Outcome measures that are la-
bor-intensive and require specialized laboratories and highly
trained personnel are less desirable than are those that do not.
Study designs employing models that mimic typical patterns of
clinical use and outcomes that are commonly measured in the
office or clinic are considered by some to be more clinically
relevant than those that do not.

The model we have presented here, stability of asthma after
a short course of oral corticosteroid, fairs well for each of these
three factors. Not only does it provide sufficient statistical
power, it emulates a measurement that is in common clinical
practice, daily recording of PEF. Our use of an electronic home
spirometer rather than a plastic peak flow meter builds upon
this. It allows measurement of FEV1 and FEF25-75 in addition to
PEF, and avoids the possibility of fabrication of paper-recorded
data by time and date stamping of electronically recorded data.
This study model is clinically relevant in that it mimics a com-
mon clinical practice: use of oral corticosteroids to reverse exist-
ing asthma symptoms and airway obstruction prior to initiating
inhaled corticosteroid treatment intended to maintain asthma
control. This approach is recommended in the current NIH
asthma treatment guidelines (4). In contrast, most studies eval-
uating inhaled corticosteroid efficacy measure the reversal of
airway obstruction and asthma symptoms by the inhaled corti-
costeroid from a baseline of poorly controlled asthma (5, 13).

As part of the search for more precise, statistically power-
ful ways to compare inhaled corticosteroids, a number of
other outcomes have been evaluated by other investigators.
Possibilities include measurement of inhaled corticosteroid ef-
fects on sputum eosinophilia, exhaled nitric oxide (NO), aller-
gen challenge, methacholine challenge, and adenosine chal-
lenge. Although each of these measures has been shown to
respond to corticosteroid treatment (21–26) only limited data

are available upon which to judge their statistical power for
estimating inhaled steroid relative potency. Available publica-
tions have not presented the values for s/b needed for sample
size computation. Sputum eosinophilia appears to demon-
strate a dose-response relationship throughout the clinically
relevant dose range (27) but variability appears to be large
(23). Exhaled NO responses appear to plateau at the top of
the dose-response curves at relatively low inhaled corticoster-
oid doses (27). This suggests that the s/b values for both spu-
tum eosinophilia and exhaled NO may be unfavorable (i.e.,
large). Histamine and methacholine challenge may be rela-
tively powerful for establishing dose-response relationships
and for estimating relative potency of inhaled steroids based
on the current study, and the work of Kraan and colleagues
(28). Others have failed to find significant dose-response rela-
tionships for inhaled corticosteroid effects on histamine and
methacholine challenge, but this may be due to a treatment
duration of only 1 wk (25), and inclusion of patients with only
mild asthma (29). Both adenosine and especially exercise chal-
lenge appear to be statistically powerful (24, 30) and capable
of establishing highly significant dose-response relationships
in studies with only small numbers of subjects. None of these
outcomes are as convenient and practical as home spirometry
measurement. All require specialized laboratories and trained
personnel. This is particularly true for sputum eosinophilia
where even in experienced hands, as much as 20% of the pa-
tients can not produce enough sputum to be analyzed (21, 22).
All of the above measures have clinical relevance, although
the relative merit of each is a common source of debate.

Our finding that raw outcomes consistently provided
greater statistical power for crossover studies than did derived
outcomes such as change from baseline, runs contrary to the
intuition of many investigators (many inhaled corticosteroid
comparison trials have used change from baseline). Subtract-
ing the baseline value actually increases variance and thereby
decreases statistical power, unless the response to treatment is
strongly correlated with the baseline value (31). In the absence
of correlation, when one variable (e.g., pretreatment baseline) is
subtracted from another (e.g., the posttreatment response),
the variance of the resultant difference will be equal to the
sum of the variances of these two variables. This will decrease
rather than increase statistical power. However, under the right
conditions, use of change from baseline can and often does in-
crease statistical power. This occurs when a component of
variability in the measured response to treatment is due to
variability in the baseline value measured in that patient (i.e.,
when the posttreatment response is correlated with the pre-
treatment baseline value). Subtracting the baseline is one
method of removing this variability from the measured re-
sponse, thereby tending to increase power. If the correlation is
strong enough, it can more than compensate for the additivity
of baseline and posttreatment variance noted above (32). The
net effect will be a decrease in variance and an increase in
power. For the study model explored here, it seems clear that
the correlation between baseline and posttreatment response
values is insufficient to overcome the loss in power caused by
additivity of baseline and posttreatment variance.

The greater statistical power associated with crossover, as
opposed to parallel study designs is well recognized. What does
not appear to have been recognized previously is just how im-
portant this is to inhaled corticosteroid comparison studies.
Published studies comparing inhaled corticosteroids nearly al-
ways use a parallel design and rarely provide reliable informa-
tion about the relative potency of the formulations being com-
pared. Only a single published study has succeeded in estimating
a relative potency for different inhaled corticosteroid prepara-

Figure 4. Relationship between sample sizes required for parallel ver-
sus four-period crossover study designs. Sample sizes for both designs
were computed using data from the current study and are consistently
much larger for parallel study designs. For comparison, sample sizes
based on a published parallel study (Busse and colleagues, 6) estimat-
ing the potency of an HFA containing BDP formulation (3M Pharma-
ceuticals) relative to a CFC containing BDP formulation (Schering, Inc.)
using A.M.FEV1 is also plotted.
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tions. Busse and colleagues (6) estimated that each actuation or
microgram of HFA-BDP (QVAR; 3M Pharmaceuticals) was 2.6
times as potent as each microgram or actuation of CFC-BDP
(Vanceril; Schering, Inc., Kenilworth, NJ) for improving FEV1.
Even though that study was among the most rigorously de-
signed and conducted study ever carried out, the confidence in-
tervals on these estimates were too wide to be of clinical use
(1.1 to 11.6). To achieve a confidence interval sufficiently nar-
row to be useful clinically (e.g., no more than twofold above
and below the potency ratio estimate), sample size for that
study would have been at least 700 (Figure 4). Similarly, Figure
4 demonstrates that if the outcomes identified in the current
study as being most statistically powerful (A.M. spirometry)
were used in an otherwise identical parallel study, the sample
size needed would increase by an order of magnitude. This sug-
gests that accurate comparisons of inhaled corticosteroid po-
tency will be more practical and, in fact, may only be possible
when done using crossover study designs.

The much greater statistical power associated with cross-
over inhaled corticosteroid studies in itself suggests that the in-
haled corticosteroid dose-response curve is not as flat as many
investigators believe (at least not in the population of patients
included in the current study). We found a highly significant
dose-response “signal” for morning (A.M.) spirometry variables
in our 12-patient crossover study. In contrast, in parallel stud-
ies, the dose-response “signal” appears to get lost in the be-
tween-patient variability—thus making the dose-response rela-
tionship seem to be flatter than it really is. This may be, at least
in part, because some patients do reach the top of their dose-
response relationship with the lowest dose of inhaled cortico-
steroid, whereas others are on the steeply rising portion of the
curve through the range of doses typically used clinically. The
current study selectively included patients on the rising portion
of the curve based on a clinical history of deterioration of
asthma control when inhaled corticosteroids dose was reduced.
Future studies will need to have entrance criteria that similarly
select for this clinically important group of patients.

The importance of using crossover designs for establishing
dose–response relationship and comparing potency of inhaled
corticosteroid is supported by previous publications. Pedersen
and Hansen (30), using response to exercise challenge, found
a significant relationship for inhaled budesonide (p 	 0.0001)
in a crossover study of only 19 children with asthma. Johans-
son and Dahl (32), using PEF, found a significant relationship
for inhaled budesonide (p 	 0.05) in a crossover study of eight
adults with asthma. Taylor and colleagues (24), using adeno-
sine, found a significant relationship for inhaled ciclesonide
(p � 0.04) in a crossover study of 29 asthmatic adults. In con-
trast, parallel studies enrolling hundreds of subjects often have
failed to find a significant dose-response.

If crossover designs are to be used, the potential for carry-
over of effects between study treatment periods must be con-
trolled. Our study suggests that this is possible since we did
not detect any carry-over. It is possible we did not have suffi-
cient statistical power to detect a small carry-over effect. How-
ever, even if some carry-over does exist, this may not exclude
the use of crossover designs, with proper study design, carry-
over can be accounted for statistically so as to not bias com-
parisons of drug potency (33).

Sample size calculations presented here (Figure 3) assume
a four-period crossover design (4 wk per period) during which
two doses of each formulation are given. In reality, this study
may be too long to be practical. However, use of a balanced
incomplete block design, where each subject receives two or
three of the possible four treatments, would make the study
more practical, retain much of the advantage of the crossover

design (increased power), and only modestly increase the
number of subjects needed.

Choice of doses for each of the formulations studied will
also be important for the design of future studies. Both high
and low doses should ideally be on the steep portion of the
dose-response relationship. If the lower doses are so low as to
have little effect or if the higher doses approach the maximal
response, dose-response slope will be lowered. As a result,
precision and statistical power of the study would be dimin-
ished, and the confidence interval around the potency ratio
would be widened.

In summary, we have evaluated a new model for comparison
of efficacy of inhaled corticosteroid preparations: stability of
asthma control after a short course of oral prednisone. The essen-
tial features of this model are crossover design, initiation of each
study period with oral prednisone, and measurement of raw daily
A.M. spirometry as the primary outcome during subsequent in-
haled corticosteroid study treatments. This model appears to pro-
vide the statistical power needed to estimate relative potency of
different inhaled corticosteroid formulations with 90% confi-
dence intervals within twofold above and below this estimate
with enrollment of less than 100 subjects. This model is practical
and clinically relevant. The potential utility of this model needs to
be confirmed with subsequent studies that compare the potency
of two different inhaled corticosteroid formulations.
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